A T7 RNAP mutant (Y639F) which eliminates discrimination of the chemical character of the NTP ribose 2′-group, facilitates incorporation of non-canonical substrates into nucleic acids. However, transcripts containing a high percentage of non-canonical NMPs are poorly extended due to effects of the 2′-substituents on the transcript:template hybrid conformation. We tested the addition of compounds that stabilize A-type helix geometry to the reaction. High concentrations of polyamines, together with other changes in reaction conditions, greatly increased the synthesis of transcripts heavily substituted with non-canonical ribose 2′-groups. Template structures that facilitate promoter opening increased the efficiency of reactions where non-canonical substrates were incorporated during transcription of +1 to +6.
The Y639F T7 RNAP has been used to prepare transcripts with 2′-H, 2′-F or 2′-NH 2 NTPs in a 'standard' transcription buffer containing 15 mM MgCl 2 , 40 mM Tris-HCl pH 8.0, 1 mM EDTA and 5 mM DTT. We tested addition of varying concentrations of the following A-form stabilizing compounds, both in isolation and in combination, to transcription reactions with different combinations of rNTPs and dNTPs: ethanol, methanol, trifluoro acetic acid, cobalt hexammine, spermine and spermidine. Rates of incorporation of NMP into DE81 retainable transcripts were measured as described (1, 2) , using a plasmid template carrying a class III T7 promoter (pT75; 3). In reactions with four rNTPs these compounds either inhibited incorporation (ethanol, methanol, trifluoroacetic acid and cobalt hexammine), or had minimal effects at low concentrations but were inhibitory at higher concentrations (polyamines). In reactions with three dNTPs and rGTP, these compounds stimulated incorporation at low concentrations but were inhibitory at higher concentrations. A concentration optimum in reactions with two or more dNTPs, therefore, appeared to be the net consequence of the tendency of the compounds to generally inhibit transcription while also limiting the degree to which replacement of rNTPs with dNTPs reduced incorporation rates. The polyamines were the most effective at stimulating incorporation in reactions with multiple dNTPs, in part because they were the least inhibitory in reactions with four rNTPs. No combination of compounds was superior to polyamines alone. We also tested the effects of varying the concentrations of Mg 2+ and Mn 2+ in the reaction, of using acetate instead of chloride as the main reaction counteranion, and of adding 0.1% Tween-20 or pyrophosphatase.
These experiments defined an 'optimized' reaction buffer which was not inhibitory in reactions with canonical substrates but greatly stimulated synthesis with non-canonical substrates: 40 mM Tris-acetate pH 8.0, 5 mM DTT, 1 mM EDTA, 10 mM Mg-acetate, 0.5 mM MnCl 2 , 8 mM spermidine, 1 U/µl pyrophosphatase (pyrophosphatase is dispensable unless transcript yields in excess of ∼1 mg/ml are required). Figure 1A shows transcription by Y639F in the standard or optimized buffer in reactions with different combinations of rNTPs and dNTPs with supercoiled or linearized templates. Figure 1B shows transcription by Y639F in the optimized buffer, with or without spermidine, in reactions with four rNTPs or different combinations of rNTPs and 2′-F-or 2′-NH 2 -NTPs.
Incorporation of substrates bearing larger substituents (2′-O-methyl groups) with Y639F in the optimized buffer was relatively inefficient and the rates of synthesis of 59 base runoff transcripts from HindIII linearized pT75 in reactions with a single 2′-O-Me-NTP averaged ∼20-fold lower than in reactions with four rNTPs (however, replacement of rGTP with 2′-O-Me-GTP eliminated synthesis of runoff transcripts; data not shown).
In reactions with pT75, the presence of w4 mM spermine inhibited transcription with all rNTP and dNTP combinations, and 8 mM spermidine was optimal. In contrast, when a 42 bp template identical to pT75 from -17 to +25 was used, spermine concentrations up to 13 mM were stimulatory in reactions with three dNTPs, and spermine at 1.6 mM stimulated runoff synthesis ∼2-fold more than did 8 mM spermidine ( Fig. 2A and data not shown) .
Replacement of rGTP with dGTP reduces transcription on a linear template more than on a supercoiled template (Fig. 1A) . A template-structure dependent effect of similar magnitude is not observed when rATP is replaced with dATP, nor when three rNTPs are replaced with dNTPs but rGTP is retained. This is probably due to the G-richness of the initially transcribed sequence (ITS; the +1 to +6 sequence is GGGAGA), so that replacement of rGTP with a non-canonical substrate is especially disruptive of the poorly processive initial transcription reaction. Supercoiling, by facilitating promoter opening and stabilizing the initial transcription complex (ITC; 4,5), may mitigate an inefficient initial transcription reaction. Other template structures which facilitate promoter opening and stabilize the ITC also enhance synthesis of runoff transcripts in reactions in which rGTP is replaced with dGTP ( Fig. 2B ). (A) Transcription with supercoiled or PvuI cut pT75 using the indicated substrates and reaction buffers. Y639F and plasmid were at 10 -7 and 10 -8 M, respectively; rNTPs at 0.5 mM; dNTPs at 1 mM. Reactions in lanes labeled M were carried out with wild type polymerase, four rNTPs, and either PvuI or HindIII restricted pT75 to generate RNA markers ∼579 or ∼59 bases in length, respectively. Reaction aliquots were taken at 5 and 15 min time points and electrophoresed on 6% acrylamide, 0.6% bis-acrylamide, 6 M urea, 1× TBE gels (only the 15 min time point is shown). Synthesis rates were determined by using a Molecular Dynamics PhosphorImager to measure the radioactivity incorporated into runoff or long (greater than ∼600 bases) transcripts (incorporation was linear over the 15 min reaction time course). These rates, normalized to a value of 100 for the four rNTP reactions, are given below each gel lane; n.d., not detectable. (B) Transcripts synthesized on HindIII cut pT75 with 2′-NH 2 -or 2′-F NTPs, as indicated, replacing the corresponding rNTPs in the reaction. Reaction buffer contained 8 or 0 mM spermidine, as indicated.
The improvements in synthesis of modified nucleic acids obtained by using the optimized buffer, relative to our previously used standard buffer, are significant. For example, the rate of synthesis of a 579 base runoff transcript in a reaction with three dNTPs was ∼40-fold greater with the optimized buffer than with the standard buffer (Fig. 1A) . In the optimized buffer it was also possible to synthesize long transcripts from supercoiled templates in reactions with four dNTPs, and to synthesize runoff transcripts in reactions with dGTP or three NH 2 -NTPs, while in the standard buffer no detectable runoff transcript synthesis is obtained with such NTP mixes (Figs 1 and 2 ) (6). Even when rates of synthesis with particular NTPs are poor (i.e. ∼20-fold reductions with 2′-O-Me-NTPs), it may often be possible to obtain adequate yields by carrying out reactions for longer times and/or at higher template/polymerase concentrations. These reaction conditions should therefore broaden the utility of the mutant enzyme for synthesizing modified nucleic acids. For the convenience of using a single buffer for most reactions, the optimized buffer was defined so as to give high activity with a variety of substrates and templates. In specific cases it may be useful to modify these conditions. To do so it is important to appreciate how buffer components, template structure and sequence, and substrate structure and concentration influence synthesis. (i) The degree to which A-type geometry is disfavored in the transcript:template hybrid is a function of base structure, the intrinsically preferred ribose pucker of the nucleotides in the 3′ region of the transcript, and the number of non-canonical riboses in that part of the transcript (2). For example, incorporation of dAMP into the transcript is predicted to destabilize A-type geometry to a greater degree than incorporation of dGMP (2,7). Of the different 2′-substituents examined, the preferred ribose pucker of the 2′-F NTPs most strongly favors the A-type conformation. The preferred pucker of the 2′-NH 2 -NTPs most strongly favors B-type conformations, while 2′-H-NMPs also favor B-type over A-type, but not as strongly as the NH 2 -NMPs do (7, 8) . The effects of these NTPs on transcript extension correlates with their predicted effects on helix conformation. Thus, replacement of rGTP with dGTP limits initiation, but replacement of rATP with dATP limits transcript extension more as evidenced by the presence of increased premature termination in the reactions with dATP (Fig. 1A) . Replacing three rNTPs with dNTPs decreases the efficiency of transcript extension even more as revealed by even more premature termination (Fig. 1A) . The ∼40-fold increased rate of runoff transcript synthesis in three dNTP reactions in the optimized buffer is largely due to increased efficiency of transcript extension as evidenced by a reduced proportion of premature termination. Premature termination is greatest in the reactions with the 2′-NH 2 NTPs, and is least in the reactions with 2′-F NTPs (Fig. 1B) . The proposal that spermidine acts primarily by stabilizing A-type helix geometry in a hybrid whose nucleotide structure intrinsically disfavors such geometry, is consistent with the observation that the optimized buffer is more stimulatory in reactions with three or four dNTPs than in reactions with one dNTP (Fig. 1A) , and with the observation that spermidine has larger effects with 2′-NH 2 NTPs than with 2′-F NTPs (Fig. 1B) . Since the effect of spermidine is therefore a function of the ribose and base structure of the non-canonical substrates being used, as well as of their fractional representation in the transcript, higher concentrations of spermidine (or spermine, see below) should be screened when synthesis with particular non-canonical substrates is too low, especially if their preferred ribose pucker strongly disfavors A-type helix geometry and a heavy degree of substitution in the transcript is sought. Reductions in extension efficiency will also have more severe consequences for transcript yields as transcript lengths increase. The stimulatory effects of the optimized buffer therefore increase as transcript length increases. For example, the rate of synthesis of 59 base transcripts from HindIII cut pT75 in a reaction with three dNTPs+rGTP is ∼8-fold greater in the optimized buffer than in the standard buffer (not shown), but the rate of synthesis of a 579 base runoff transcript is increased ∼40-fold (Fig. 1A) .
(ii) While ∼8 mM spermidine was the optimal additive with plasmid templates, spermine was a more potent stimulator with short, synthetic templates ( Fig. 2A) . This probably reflects the fact that polyamines aggregate nucleic acids (this may also contribute to their stimulatory effects by stabilizing short transcript:template hybrids during initiation; 9). Since aggregation is favored by increasing molecular size and concentration, it may be less of a problem with smaller or more dilute templates. When using small DNAs as templates, spermine (1.5-3 mM) or higher concentrations of spermidine (>8 mM) may be useful.
(iii) The initial transcription reaction (+1 to approximately +8) is poorly processive and extremely sensitive to anything that perturbs catalysis, whether due to incorporation of non-canonical substrates or a non-consensus ITS (6, 10) . The barrier to incorporation of non-canonical substrates during initial transcription can be mitigated by using templates which facilitate promoter opening and stabilize the ITC (Figs 1 and 2 ), so such templates may be useful when using non-consensus ITSs or when incorporating non-canonical substrates during initial transcription. However, reannealing of non-template and template strands is important for promoter release and RNA displacement (11) . On nicked or partially single-stranded templates, both promoter release and elongation complex processivity are less efficient. If non-canonical substrates are not incorporated until after approximately +6, or if very long transcripts are sought, the use of double-stranded templates is recommended. The initial transcription reaction is also characterized by high apparent K NTP values, especially with non-consensus ITSs (Gopal et al., submitted) . Increases in the concen-trations of specific NTPs (up to a few mM) should be screened if synthesis with particular ITSs or substrates is inefficient.
(iv) Though transcription by T7 RNAP is less efficient with Mn 2+ than Mg 2+ , Mn 2+ relaxes the substrate specificity of the polymerase (2, 6) , and the presence of Mn 2+ increases the uniformity of incorporation of modified substrates during polymerization, as reported, for example, by Tabor and Richardson (12) to enhance the uniformity of ddNTP incorporation by T7 DNAP. Mn 2+ concentration may be screened as a variable with substrates that are poorly incorporated or in efforts to improve the uniformity of non-canonical substrate incorporation.
Since the Y639F mutation specifically eliminates discrimination of the ribose 2′-group character, it is less useful for incorporating substrates modified at other positions (though non-specific effects due to a modest reduction in side-chain volume or structure perturbation cannot be ruled out). However, the active site of T7 RNAP has been heavily mutagenized (1, 13) and some of these mutations may, by reducing steric clashes with groups on modified substrates, be useful with particular substrates. A caveat is that these mutations tend to reduce activity and any gain in reduced substrate specificity may not compensate for the lower activity. We have found this to be the case in attempts to use Y639M or L to incorporate substrates with bulky 2′-groups. While only testing of particular substrates with particular mutants may identify useful combinations, the outlined considerations on how polyamines, Mn 2+ , template structure and sequence, and substrate structure and concentration may influence the transcription reaction should be useful in further developing methods for the enzymatic synthesis of modified nucleic acids.
A strain overexpressing the Y639F polymerase is available upon request from the authors' laboratory or purified enzyme may be purchased from Epicentre Technologies, 1202 Ann Street, Madison, WI 53713, USA; www.epicentre.com
